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Abstract 9 
A key parameter that determines the efficiency of Proton exchange membrane fuel cell is its 10 

operating conditions. Optimization of various components in the fuel cell in the quest of improving 11 

the cell performance is directly related to the operational conditions the cell is subjected to. 12 

 13 
This investigation therefore examined the viability of an air breathing fuel cell subjected to 14 

ambient conditions in Riyadh in Saudi Arabia. A validated three-dimensional air breathing 5-cell 15 

stack modelled in ANSYS was utilised to generate the results. Furthermore, the work also 16 

considered the feasibility of deploying a humidifier unit for the hydrogen inlet to ascertain the 17 

physical behaviour of the PEMFC stack. It was observed that the performance of the stack reaches 18 

its peak during the summer time (June-August), and hydrogen humidification improves the output 19 

performance by 40%.       20 

Keywords: Fuel cell, Computational fluid dynamics, Saudi Arabia, Optimization 21 
 22 
 23 
1.0 Introduction 24 

As the world continue to strive to meet targets laid down in the 2015 Paris Agreement, alternative 25 

forms of energy generation are currently being considered due to the challenges related to fossil 26 

products [1-3]. Notably among these challenges is the issue pertaining to the sustainability of 27 

energy derived via this medium [4,5]. Depletion of fossil reserves in recent times has raised 28 

justifiable question on the sustainable of energy generated using fossil fuel [7-10]. Other factors 29 

related to the instability of fossil product prices have all played a key role on the clarion call for 30 

other renewable sources of energy generation [11, 12]. Burning of fossil product results in toxic 31 

emissions being released into the atmosphere [13]. These toxic products results in carbon 32 

emissions causing change in climate. All these issues contribute significantly to the sudden surge 33 
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up in renewable energy generation medium [14]. Renewable sources of power are environmentally 34 

friendly with no toxic emissions into the atmosphere and are also abundant. The only challenge 35 

relating to some of these energy generation sources like wind and solar energy are intermittency 36 

during the power generation process [15-16]. There is therefore the need to consider energy storage 37 

being integrated into these systems or energy converting devices that transform excess power 38 

generated [17]. All these crucial issues have led to several research activities being conducted on 39 

fuel cell and their possible replacement in portable applications as well as the automotive industry 40 

[18]. 41 

The population of the Kingdom of Saudi Arabia (KSA) keeps increasing annually. An increase in 42 

population density is directly related to the total energy required to sustain the demand. It therefore 43 

buttress reasons behind Saudi Arabia being one of the largest producers of oil as well as natural 44 

gas [19]. Despite the huge impact the drilling of oil have had on the economy of Saudi Arabia, 45 

recent issues regarding the harmful effect of the entire process on the environment is accelerating 46 

a paradigm shift on this traditional means of energy generation. The total gaseous emissions of 47 

harmful substances into the atmosphere due to these activities has increased by 70% over the last 48 

two few decades [20]. The automotive industry remains one of the largest consumers of all energy 49 

generated in Saudi Arabia. The sector currently consumes nearly 23% of all energy harnessed in 50 

Saudi Arabia. These figures are anticipated to increase appreciably in the coming hence the clarion 51 

call to find an alternative to this mode of energy supplied to the transport sector [21]. Proton 52 

Exchange membrane fuel cell due to their harmless nature to the environment are considered as 53 

possible replacement to existing fossil products driving the transport sector. These energy 54 

converting device produce electricity via an electrochemical reaction between fuel and an oxidant. 55 

The end product of the reaction is heat and water. From the by product generated, it can be deduced 56 

that the energy generating process is environmentally friendly compared the other traditional 57 

sources of energy in Saudi Arabia. In the absence of no moving parts, the efficiency of proton 58 

exchange membrane fuel cells is higher compared to engines as issues relating to friction is curbed 59 

in PEM fuel cells [22 – 24]. These are salient facts contributing the high research activities being 60 

championed in this field of energy generation. Figure 1 depicts various components in the fuel 61 

cell. Toyota as well as Honda are some companies that have recently integrated fuel cells on their 62 

fleet of cars [25, 25]. 63 
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 64 

Fig. 1: Fuel cell air breathing PEMFC Stack [25] 65 

With the desire to accelerate the commercialization of PEM fuel cells for automotive purposes, 66 

several countries have made huge investments into research activities in this novel source of 67 

energy generation. In 2016, Chin for instance completed a fuel cell tram specifically in Qingdao 68 

province [27]. In that same year, 72 million dollars were also invested for the development of 69 

another fuel cell trams [28]. Fuel cell electric trains pilot projects have also been carried out in 70 

Germany. The project is called the Hydrail and was commissioned in 2018 [28]. In Scotland, the 71 

first fuel cell bus was deployed in Aberdeen in 2015. The entire project was estimated as 19 million 72 

[29,30]. All these projects currently underway across the global shows the promising nature of fuel 73 

cells as good replacement to fossil products but there are key underlining issues that need to be 74 

addressed. The first has to do with the source of fuel require to support the energy generation 75 
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process coupled with it’s infrastructure. Today most fuel cells are air breathing hence reducing the 76 

complexity of existing fuel cells. Again, with the air breathing type of fuel cell, components needed 77 

to support the balance of plant is reduced. Some of these components includes humidifiers as well 78 

as compressors. The oxygen from the fuel cell is obtained from the air surrounding the cell via the 79 

air vent. This type of fuel cell is ideal for automotive purposes because there are lesser in weight 80 

and does not require more space. In spite of the merit of air breathing cells discussed above, their 81 

functionality is also subject to the cell operating temperature as well as humidification conditions 82 

surrounding the cell. A group of researchers examined the performance of a proton exchange 83 

membrane fuel cell at varying operational conditions. The investigation considered the flow rate 84 

of the reactant especially the pressure of the fuel cell. A fan was attached to the cathode electrode 85 

to increase mass concentration as well as serve as a medium of oxygen supply to the air breathing 86 

fuel cell used in the investigation. It was deduced that the performance of the fuel cell was higher 87 

when air was forced into the air breathing cell compared to natural convection. The investigation 88 

further suggested that operating the cell in dead end mode increases the performance of the cell 89 

[31]. An investigation carried out by Tabbi et al [3] further explained the performance of fuel cell 90 

at varying humidification and pressure conditions. It was deduced that these operational conditions 91 

enhanced the overall performance of the cell.  92 

 93 

1.1 Brief history of clean and sustainable developments in KSA 94 

 95 

With the overwhelming increase in consumer energy demand, it has become crucial for KSA to 96 

consider a more sustainable but abundant source of energy generation. Most energy generated in 97 

Saudi Arabia today is generated from fossil product [33, 34]. Renewable energy programs, and 98 

more particularly for solar energy, has a long history in KSA. Historical facts on harnessing energy 99 

via renewable sources in Saudi Arabia can be traced to the 1960. Some of the key projects adopted 100 

in the past for the renewable energy sector are listed below.       101 

 HYSOLAR: This project championed between Saudi Arabia and Germany was aimed at 102 

producing hydrogen from solar power. This later led to the development of the 350kW 103 

system. The project was commissioned in 1993. The hydrogen is produced from a solar 104 

PV connect to an electrolyser for splitting water into hydrogen and oxygen [35]. The main 105 

obstacle in the development of this project had to do with cost as well as the efficiency of 106 
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the entire system being low.  107 

 SOLERAS: The United States and the Kingdom of Saudi Arabia also championed the 108 

Soleras. The main goal for the project was to support smaller communities to generate their 109 

own energy without heavily relying on the national grid. The work was commissioned in 110 

1997 after its commencement in 1975 [37]. The first desalination project powered by solar 111 

energy was carried out in 2010 and this was as a result of the knowledge gained in the 112 

SOLERAS project. It accelerated development of solar infrastructure in Saudi Arabia. 113 

 114 

 ATLAS project: In the 1980s KFUPM and ERI established both solar power and Wind 115 

energy atlas [38].  116 

 SMART reactors: In 2011 KSA has singed an agreement with the Republic of Korea to 117 

build a 100MW Nuclear SMART reactors using ROK technology and expertise for the 118 

purpose of water desalination. [39].  119 

More recently and in 2016, KSA government highlighted the road map in eliminating the high 120 

reliance on Fossil products in Saudi Arabia. The project was aimed at producing 9.5GW of power 121 

from renewable sources latest in 2023 [40]. To support this goal KSA has already launched tenders 122 

for two large projects; the development of 300-MW solar PV farm in Sakaka city, and 400-MW 123 

wind farm in Dumat Al-Jandal city [41,42].  Another project started in 2017 was the development 124 

of the  a city in the northern part of Saudi Arabia driven by renewable energy [43]. Overall, 125 

hydrogen can act as a carrier of renewable energy; hence completing the role solar and wind play 126 

in power generation. Also, excess variable power from renewable sources can be directed to 127 

produce hydrogen to be used in various sectors such as transport, industry or gas grid injection. 128 

Therefore as renewable energy projects grow in the country, the infrastructure of hydrogen is 129 

ultimately expected to improve. 130 

     131 

1.2 Potential of adopting air breathing PEM Fuel Cell in the automotive industry  132 

 133 

Utilising PEM fuel cells in modern transportation dates back to 1959 [44]. Project Gemini and the 134 

Apollo programs have experimented fuel cells to as source of electric power for their space 135 
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programmes [45]. General Motors built their novel fuel cell car in 1966 with an attempt to 136 

demonstrate the viability of electric mobility. All those fuel cells were based on alkaline 137 

technologies. However, for fuel cells using proton exchange membranes, it wasn’t until 1993 when 138 

Energy Partners Consulier developed the first PEMFC car, which reached a top speed of 60mph 139 

and a range of 60 miles [46]. Rapid growth of population in KSA has led to the oil produced in the 140 

country to be consumed domestically at a growing rate of 5% annually since 2000. The 141 

transportation sector in the country is a huge contributor to this usage, and hence PEMFC posses 142 

a huge potential for the country as it will help in saving oil in the long term, and also reduce 143 

environmental pollution. A system model of PEM fuel cell hybrid electric vehicle is captured in 144 

Figure 2. 145 

 146 

Fig. 2: System model of PEM fuel cell electric vehicle 147 

 148 

In this work, a specific geographical location in KSA was considered, which is the city of Riyadh. 149 

The monthly climate data was obtained from RETScreen software [47]. The ambient conditions 150 

in Riyadh are generally very hot and dry, with average temperatures that fluctuate between 5.8oC 151 

in winter to as high as 43oC during summer. Moreover, it was noted that relative humidity varies 152 

between 10% to around 50%. Figure 3 shows the obtained monthly climate data in Riyadh. 153 
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 154 

Fig. 3: Riyadh's average monthly ambient conditions 155 

This investigation therefore intends to explore the performance of an air breathing fuel cell under 156 

unfavourable conditions in Saudi Arabia specifically in Riyadh. The fuel cell operational 157 

characteristics are ascertained in terms of cell operating temperature as well as humidification 158 

conditions. 159 

1.3 Experimental work  160 
 161 
To mimic the performance of the PEMFC in the desired geographical location, an experiment was 162 

conducted in-situ, where a PEMFC stack, electrolyser, potentiostat, mass flow meter, fan for 163 

airflow, and temperature sensor to measure the operating temperature of the stack were used. 164 

Figure 4 shows the experiment setup.  165 
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 166 
Fig. 4: Experimental set up 167 

 168 

1.3.1 Proton Exchange Membrane Used  169 

The cell utilized consisted of 5 air breathing cells, which takes the oxygen passively from the 170 

ambient air. Each cell has an active area of 11.34cm2. Furthermore, the operating mode of the stack 171 

is flow-through mode for both anodic and cathodic side. The materials and the fabrication 172 

techniques are summarised in the following sections.    173 

 174 

1.3.2 Materials  175 

The components of each cell in the stack consists of Membrane Electrode Assembly (MEA), two 176 

plastic endplates, two gold coated copper current collectors, PTFE gaskets (two per cell), graphite 177 

bipolar plates and other assembly accessories which include tubing fittings, rods, steel nuts and 178 

bolts. Each MEA is composed of 0.002-inch-thick Nafion, and two gas diffusion layers made of 179 

carbon cloths with 5mg/cm2 Pt black loading.    180 

 181 

 182 
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1.3.3 Fabrication and preparation of MEA  183 

The graphite bipolar plates were molded with 800 ton press, and the dimensions of the cathode 184 

bipolar plates are 3.41 mm * 3.41 mm * 0.5 mm with 8 hollow channels for the oxidant flow 185 

(figure 2). The dimensions of the anode bipolar plates are are 3.41 mm * 3.41 mm (figure 5). The 186 

catalyst loading was applied on the surface of the carbon cloths by screen-printing method. This 187 

was followed by hot pressing each two carbon cloths (acting as the gas diffusion layers) with the 188 

membrane at 120oC. To remove organic impurities, the membrane was treated prior to assembly 189 

with 3% hydrogen peroxide at 80oC for one hour. 190 

 191 

 192 

 193 

 194 
 195 
 196 
 197 
 198 
 199 
 200 
 201 
 202 
 203 
 204 
 205 

Fig. 5: Flow channels of anode (left) and cathode (right) 206 
 207 

1.4 Performance evaluation  208 

   1.4.1 Test conditions  209 

During the operation, five different parameters of fuel backpressure were used and their 210 

corresponding flow rates were recorded. The anode inlet was %99.99 pure hydrogen with no 211 

humidification involved. The ambient temperature was constant throughout the experiment and 212 

was at 20oC. To drive ambient air to cathode side of the stack, a fan was used. To detect the flow 213 

rate of air, the performance curve was sourced from the manufacturer data sheet and its overall 214 

efficiency was assumed to be 80%. Table 1 shows the testing conditions. 215 

 216 

Table 1: Conditions of experimental work for the different sets 217 
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 Set 1 Set 2 Set 3 Set 4 Set 5 

H2 volumetric 

flow rate 

(mL/min) 

317 237 175 122 79 

Air volumetric 

flow rate 

(mL/min) 

655 655 655 655 655 

Back pressure 

of H2 (bar) 

2.5 2.0 1.5 1.0 0.5 

H2/O2 

stoichiometric 

ratio 

2.3/1 1.7/1 1.28/1 0.9/1 0.58/1 

 218 
Furthermore, in an attempt to minimise system disturbances such as water flooding, non-steady 219 

mole fraction of oxygen etc., the load was run under six hold-cycles for each set (from lowest 220 

current to the limiting current). The total conditioning time is approximately 120mins. Also, 221 

Hydrogen was supplied to the stack at the open circuit voltage (OCV) for 10 minutes for each set 222 

and, this was then followed by applying the load.  223 

 224 

1.4.2 Results and observations  225 
 226 
The polarisation curves for the measured data were plotted to observe characteristic behaviour for 227 

the cell under the five conditions used as shown in Fig. 6. The most stable performance was noted 228 

to be achieved when the highest flow rate of hydrogen used (set 1) as it has the longest curve on 229 

the graph. However, more power output of the stack was achieved with the less flow rates of 230 

hydrogen set 3 and set 2. On the other hand, set 4 and set 5 had the least output power of stack and 231 

were also non-stable at higher current densities mainly due to mass transfer losses. 232 
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 233 

 234 
Fig. 6: Polarization curve for all data set 235 

The lower output power of set 1 compared to set 2 and 3 can be attributed the more ohmic losses 236 

occurring in the membrane at the higher temperature. Figure 7 shows the correlation between the 237 

current density and the operating stack temperature for the first three set (1, 2 and 3). Noticeably, 238 

set 1 has the overall highest operating temperature, and since the hydrogen entering the stack is 239 

not humidified the membrane becomes drier as the temperature rise and hence protonic 240 

conductivity of membrane is reduced.  241 
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                                           242 

 243 

Fig. 7: Operating temperature versus current density 244 

Another reason for the less efficiency of the stack using a higher fuel flow rate (set 1), is because 245 

the flow rates are less saturated with relevant to each other, which has been proven in literature 246 

[47, 48]. It has been noted that as the stoichiometric ratios of reactants becomes 1:1 the 247 

performance is improved under our dry conditions case. 248 

The OCV for the tested sets are shown in Table 2. It was observed that the highest used fuel 249 

backpressure resulted in the lowest value of the OCV. This can be attributed mainly to the internal 250 

currents and crossovers, resulting from the flows of hydrogen through the membrane. At the higher 251 

flow rate of fuel, more hydrogen molecules are likely to diffuse through the membrane to form 252 

water and hence reduce the cell potential. Valiekar [48] have proven with experimental work how 253 

the actual OCV of low temperature PEM fuel cells are lower than the theoretical value, and they 254 

have also shown that hydrogen crossovers accounts for a potential loss of 0.2V per cell under open-255 

circuit conditions. The optimum obtained power from the stack was 4.9W, which was at set 3. 256 

Also, the open circuit voltage was observed to be between 4.39 – 4.43 volts for all the sets.  257 

 258 
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1.4.3 Optimization Analysis 260 

In this section, an optimisation analysis is conducted to find the best working conditions for the 5-261 

cell PEM stack. It has been validated that case 2 and case 3 were the best working conditions in 262 

terms of the maximum power obtained. Fig. 8 shows the surface graph of the power obtained for 263 

all cases in relation to the backpressure and current density. 264 

Table 2: Open circuit voltage for the various experimental data set 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

Fig. 8: Surface plot of fuel back pressure against Current density 288 
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It can be clearly seen that the red region (which represent high power density) is more concentrated 291 

on case 2. This indicates that the best working conditions for our case is to use a back-pressure 292 

value of 2.0 bar as it’s more efficient. Moreover, the optimum operating point for these two sets is 293 

at around 300mA/cm2, however as the current density increases slightly the performance for case 294 

3 drops significantly as it enters to the mass transfer losses region. Therefore, case 2 appears to be 295 

more stable to operate within the optimum region.  296 

 297 

2.0 Model development and simulation procedure   298 

A full stack PEMFC with five cells is considered. The PEMFC stack model comprises of five 299 

single cells, membrane and current collectors (bipolar plates). Figure 9 illustrate the model 300 

geometry used in this study. The flow fields in the anodic as well as cathodic electrode are of a 301 

single-serpentine flow channel.  Figure 9 further highlights the flow field structure. Moreover, the 302 

shape of the components in the model was of rectangular shape and curves were avoided to 303 

decrease complexity and the computational costs. 304 

 305 

Fig. 9: Fuel cell geometry used in modelling analysis 306 

 307 

 308 

 309 
 310 
 311 
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The computational domain takes into account transport phenomena, summarised as follows:   312 

1- Water was used as the only liquid in the model as the solubility of gases is relatively low.  313 

2- Heat transfer via conduction and convection from ambient. Heat produced, as a result of 314 

chemical reactions, from evaporation, condensation and ohmic resistance are also taking into 315 

consideration in the model.  316 

3- Transfer of electron as well as protons with the aid of charge conservation was also considered. 317 

The model also accounts for the following assumptions:  318 

4- Clamping force from endplates is not considered and hence contact resistance between the 319 

components in the stack is assumed to be negligible 320 

5- The fan is not resolved in the simulation, and the flow is assumed to be laminar and uniform 321 

in the anode and cathode directions.    322 

6- The operating pressure of the PEMFC stack is assumed to be constant (at 2 bar) in all 323 

individual cells.  324 

7- A fixed total current leakage of 0.15A, as this was found to be a reasonable value from 325 

literature [49] 326 

2.1  Mathematical Equations 327 
 328 

The model is used to determine the mass conservation mathematically. Other key parameters like 329 

momentum and energy as well as the species in proton exchange membrane fuel cells can all be 330 

carried determined using the model under investigation based on conditions surrounding the cell. 331 

Three equations are utilised for calculating the flow of current, multiphase flow as well as 332 

electrochemistry. The function of the membrane is to serve as a barrier to prevent mixing of the 333 

reactants on both electrodes of the fuel cell. The are designed to allow only the flow of protons 334 

through but prevent electron passage. The number of electrons moving through the external circuit 335 

is the same as the number of protons flowing through the membrane. The mathematical principles 336 

in these processes are summarised in the equations below. 337 

∇ ∙ (𝜌𝑔𝑢𝑔) = 𝑆𝑚𝑎𝑠𝑠 −  𝑚𝐻2𝑂̇           (1)   338 

 339 
The mass conservation for the reactants are denoted by equation 1. The presence of water in the 340 

fuel cells is also captured in the same equation. 𝜌𝑔 represents the density in terms of phases for 341 

the reactants. Velocity vectors fir the reactants in 3D is captured as 𝑢𝑔  whiles the mass transfer 342 

of water is denoted as 𝑚𝐻2𝑂. The amount of reactant consumed is captured as 𝑆𝑚𝑎𝑠𝑠  which is a 343 
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source term. The 𝑆𝑚𝑎𝑠𝑠 in proton exchange membrane fuel cells represents the rate at which the 344 

fuel is used as well as the water being produced. It also denotes how the air in air breathing fuel 345 

cell at the cathodic electrode is also utilised. A representation of these source term on the anodic 346 

and cathodic electrode is represented as Equation 2 and 3 respectively. 347 

 348 

𝑆𝑚𝑎𝑠𝑠−𝑎𝑛𝑜𝑑𝑒 = (𝐽𝐻2
+ 𝐽𝐻2𝑂) ∙

𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝑉
= (−

𝐼𝐴𝑛𝑜𝑑𝑒

2𝐹
𝑀𝐻2

+
𝐼𝐴𝑛𝑜𝑑𝑒

2𝐹
𝑀𝐻2𝑂)

𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝑉
   (2) 349 

               350 

𝑆𝑚𝑎𝑠𝑠−𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝐽𝑂2
∙

𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝑉
= −

𝐼𝐶𝑎𝑡ℎ𝑜𝑑𝑒

4𝐹
𝑀𝑂2

∙
𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝑉
    (3) 351 

 352 
The movement of fluid via the channels can be determined using the Navier – Stokes equations. 353 

For electrodes that are porous, Darcy’s terms is used to determine the momentum transport 354 

conservation. For laminar flow, that is flow with the Reynolds number less than 2500, the Navier 355 

stoke equation is used to determine the momentum as shown in Eqn. 4. 356 

 357 
∇(𝜌𝑔𝑈𝑔𝑈𝑔) =  −∇𝑃 +  ∇(𝜇𝑔∇𝑈) + 𝑆𝑑  (4) 358 

 359 
The reactant pressure as well as viscosity is captured as P and 𝜇 𝑔 respectively in Eqn. 4. 360 
 361 
Equation 5 also denotes the conservation of heat 362 

 363 

∇ (𝜌𝑔𝐶𝑝
𝑔

𝑢𝑔𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) +  𝑆𝑇     (5) 364 

 365 
Specific heat as well as thermal conductivity for the reactant is captured as  𝐶𝑝

𝑔
  and 𝑘𝑒𝑓𝑓 366 

respectively in Eqn. 5. The conservation due to charge transfer is also represented as equation 6.  367 

 368 

−∇(𝜎𝑒𝑓𝑓∇∅) =  𝑆∅        (6) 369 

 370 
𝜎𝑒𝑓𝑓 represents the flow of protons in the membrane whiles the flow of current on the active region 371 

of the membrane is denoted as 𝑆∅. With the aid of the Nernst equation, the voltage of the cell 372 

before producing current can be determined using equation 7. 373 

 374 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑜𝑝𝑒𝑛−𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = 𝐸° −
𝑅𝑇

2𝐹
ln(

𝑃𝐻2𝑂

𝑃𝐻2√𝑃𝑂2

)      (7) 375 

 376 
 377 

 378 
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The cell potential at stp is represented as  𝐸° whiles the 𝑃𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 captures the pressure in the 379 

cell. The gas constant is represented as R whiles the cell temperature is captured as T and Faradays 380 

constant, F. 381 

Moreover, conservation equations of  two-phase mass are solved as follows: 382 

 383 
∇ ∙ (𝜌𝑔 ∙ 𝑢𝑔) = 0                      (8) 384 

 385 
∇ ∙ (𝜌𝑙 ∙ 𝑢𝑙) = 0                                    (9) 386 

 387 
∇ ∙ (𝜌𝑔 ∙ 𝑢𝑔 ∙ 𝑢𝑔) = ∇ ∙ σ            (10) 388 

 389 
 390 

∇ ∙ (𝜌𝑔 ∙ 𝑢𝑔 ∙ 𝑐𝑝
𝑔

∙ 𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓 ∙ ∇T)      (11) 391 

 392 

∇ ∙ 𝑗𝑖
𝑔

= 𝑆𝑖           (12) 393 
 394 
Where 𝜌 is the phase density and 𝑢 is the phase velocity 395 

2.2  Boundary conditions 396 

 At the cathodic electrode, the desired voltage was set similar to that observed in the 397 

experimental results, in the range 4.5Vdc to 2.5Vdc. The temperature was fixed to that of 398 

the ambient conditions. 399 

   400 
∅𝐶−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 𝐸𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔   (13) 401 

 𝑇𝑠𝑢𝑟 = 𝑇𝐶𝑎𝑡ℎ𝑜𝑑−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙        (14) 402 
Where: 403 
∅𝐶−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 : Cathode potential at the end terminal (V) 404 
𝐸𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔: Operating potential of stack  405 

𝑇𝑠𝑢𝑟: Surrounding temperature  406 
𝑇𝐶𝑎𝑡ℎ𝑜𝑑−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙: Cathode temperature at the end terminal (K)  407 
 408 
                                                              409 

 At the anode end terminal, the voltage was set to zero, and temperature was fixed to that 410 

of the ambient conditions.   411 

 412 
∅𝐴−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 = 0      (15) 413 

 414 
                                  𝑇𝑠𝑢𝑟 = 𝑇𝐴𝑛𝑜𝑑𝑒−𝑒𝑛𝑑−𝑝𝑙𝑎𝑡𝑒          (16) 415 

Where:  416 
∅𝐴−𝑒𝑛𝑑−𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙: Anode potential at the end terminal (V) 417 
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𝑇𝑠𝑢𝑟: Surrounding temperature 418 
𝑇𝐴𝑛𝑜𝑑𝑒−𝑒𝑛𝑑−𝑝𝑙𝑎𝑡𝑒: Anode temperature at the end terminal (K) 419 

                                                                                          420 

 Air water content was predicted from relative humidity data and converted to the mass 421 

fraction at the given temperature.   422 

 423 

𝑃𝑔 = 𝑃𝑎𝑚𝑏,  𝜔𝑂2
= 𝜔𝑂2

𝑎𝑚𝑏,  𝜔𝐻2𝑂 = 𝜔𝐻2𝑂
𝑎𝑚𝑏,  𝑇 = 𝑇𝑎𝑚𝑏              (17) 424 

 425 

2.3 Numerical modelling 426 

The computational model was developed, and then discretized in ANSYS. With the aid of the 427 

boundary conditions, the various conditions surrounding the fuel cell was determined numerically. 428 

Simulations performed were based on the second set from the conducted experiment. A standard 429 

of 1350 was maintained for each month and a constant convergence criteria of 1 x 10-4 was used 430 

throughout the simulation process. Electrochemical conditions adopted in the simulation were 431 

obtained from another research activity carried out by Iranzo [50]. Additionally, material 432 

properties used were based on the actual values from the experiment conducted and were sourced 433 

from literature. Table 3 shows the list of simulation parameters used in this study.  434 
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 435 

Table 3: Numerical constraints used 436 
437 Conditions  Figure Conditions   Figure Conditions Figure 

Bipolar plate 

heat capacity  
875J/(kg·K) 

Gas Diffusion Layer   

viscous resistance 

(anode)  

1.00 x10
12 

1/m
2 

 Open circuit voltage  
 

0.88 V 

Bipolar plate  

thermal 

conductivity  

120 W/(m·K) 

Gas Diffusion Layer  

viscous resistance 

(cathode)  

3.86 x10
12 

1/m
2 

 
H2 

 diffusivity  

8.0x10
-5 

 

 

Bipolar plate  

electric 

conductivity  

2778 1/(Ω·m)   
Gas Diffusion Layer  

wall contact angle  

110 deg 

 

Oxygen diffusivity  
2.0 x10

-5 
 

m2/s 

Gas Diffusion 

Layer  density  321.5 kg/m
3
  

Catalyst layer surface-

to-volume ratio  

 

1.25 x10
7 

 
Water diffusivity  

5 .0x10
-5 

 

m2/s 

Gas Diffusion 

Layer   

porosity  

0.82  
Weight of the 

membrane  

1980  

 

Pore blockage saturation 

exponent  

2  

 

 

 

 

Reference 

exchange 

current density 

(anode) 

4.48x10
5
 A/m2 

Membrane thermal 

conductivity  

0.16  

 

 
Concentration exponent 

(anode)  

0.5  

Leakage 

current  
0.15 A 

Reference exchange 

current density 

(cathode)  

4.48 A/m2 Concentration exponent 

(cathode) 
1 
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3.0 Results and discussion   438 

The simulation was conducted to analyse the operation of an air-breathing PEMFC under typical 439 

ambient conditions in Riyadh. The base-case in this work is supplying dry hydrogen to the anode 440 

side and comparing the performance with the simulated data of the PEMFC stack conducted under 441 

the same conditions. After validating the data, the effect of ambient conditions on the performance 442 

of PEMFC was analysed by selecting a combination of three sets of temperature values for each 443 

month highest, average and lowest. Each set was subjected to the average relative humidity of the 444 

corresponding month as shown in Figure 2 earlier. This was then followed by a feasibility analysis 445 

to evaluate anode humidification if it was to be introduced in the model. Finally, the thermal and 446 

water distribution of the stack is examined by contour graphs obtained from the simulation.  447 

3.1  Results validation  448 

Figure 10 shows the polarisation curves of both experimental data, under an operating 449 

backpressure of 2 bar, and the simulation data. It was observed that the discrepancy between the 450 

results occurs more in the activation and mass transfer losses dominated regions. Several factors 451 

can be linked to such discrepancies. One well observed is the fact that the experiment was not 452 

carried out in a controlled environment and therefore the stack temperature was not controlled. 453 

This means that the stack temperature was different at every current value. However, for the case 454 

of simulation, the stack temperature was fixed which mimics the result showing more of the desired 455 

ohmic region than the other.  Another source of such deviation is laboratory errors due to devices, 456 

human force, aged materials etc.  Overall, the simulation results showed a good indication of how 457 

the actual 5-cell PEMFC stack behaves based on the used theoretical model. This model will hence 458 

be applied to test the performance of our PEMFC stack under the different conditions in the 459 

proposed location.   460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 
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 468 

Fig. 10: Experimental validation with simulation results 469 

 470 

3.2  Effect of ambient conditions  471 

In the simulation, three stack voltages were chosen to dynamically model the operation of vehicles, 472 

high voltage for deceleration, where the current is drawn at lower amounts, middle voltage for the 473 

nominal operating of vehicle at steady speeds, and low voltage for accelerating, where high current 474 

is generated in the stack. These three voltages were chosen from the polarisation curves obtained 475 

from experiment and the validated curve from the simulation where the values are closer to each 476 

other. The considered tested stack voltages are: high 3.6V, medium 1.7V, and low 0.8V. Table 4 477 

shows the combination of sets used in the simulation to examine the performance of the stack in 478 

the monthly ambient conditions in Riyadh.  479 

Figure 11.a, b and c shows the generated current density by the stack for the chosen sets. The 480 

results show that the performance of the stack fluctuates between 20% during the winter period 481 

(December-January), and increases up to 35% in the summer period (June-August). The variation 482 

in the performance is mainly attributed to the dynamic changes in ambient conditions exposed by 483 

the stack, from cool wet to cool dry to hot dry. It has been noted that with the most humid month 484 

in the summer, i.e. August the performance of the stack is improved to its peak. On the other hand, 485 

the least humid month in winter yielded the lowest stack performance. Also, our results suggest 486 

that the temperature of air is more crucial in affecting the performance of the stack, due to the 487 
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insignificant changes in the water content in air throughout the year, which varies from 0.22% to 488 

0.88%. Furthermore, it has been observed that during the month of May the stack preforms better 489 

during June at high voltage even-though the ambient temperature is higher in the latter. This is due 490 

to the fact that at the higher voltage less current is being drawn and hence the water produced 491 

inside the stack is not enough to keep the membrane hydrated which as a result decreases the 492 

membrane protonic conductivity. However, as the water gets generated in more amounts at the 493 

medium and low operating voltages, the stack performance is observed to be higher during June 494 

as compared to May.  495 

Table 4: Chosen combination of set used in the simulation 496 

497 

 Temperature values  Relative Humidity values Operating stack voltage values  

Set 1 Highest Average High Medium Low 

Set 2 Average Average High Medium Low 

Set 3 Lowest Average High Medium Low 
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 498 

 499 
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 500 
Fig. 11:  Current densities and output power at a) High operating voltage, b) Medium operating voltage c) Low operating voltage 501 

 502 



25 
 

Moreover, the range of the generated current density at the high operating voltage is between 438-503 

588 A/m2 with a power density ranging from 1,575 to 2,115 W/m2. At the medium operating 504 

voltage, where the highest efficiency of the stack can be achieved, generates a current density from 505 

1660 A/m2 to 2241 A/m2 which corresponds to a power density range of 2821-3810 W/m2. 506 

Moreover, at the low operating voltage the stack generates a higher rate of current density, but 507 

with a lower power density, ranging between 1,848-2,503 W/m2. According to the results obtained 508 

the maximum achieved power from the stack can be achieved under maximum temperature 509 

ambient conditions during the month of August. Results clearly show that ambient conditions have 510 

a significant impact on the performance of the stack and hence affecting the efficiency and the 511 

vehicle load. 512 

 513 

Figure 12 shows the average operating temperature of the stack throughout the year under the 514 

different exposed ambient temperatures. The results show that the operating temperature is highly 515 

influenced by the surrounding temperature as well as the operating voltage of the stack. It was 516 

found that the temperature rise of the stack during summer is greater than that during winter. The 517 

difference in temperature rise between cold and hot ambient conditions becomes even noticeable 518 

as the operating voltage decreases. The results indicate that at high operating voltage the 519 

temperature rise is 2oC in winter as compared to around 5.5oC rise in summer. As the operating 520 

voltage decreases the current increases and hence more heat is generated in the stack. At the 521 

medium operating voltage, the temperature rise was found to be around 11oC for winter and 15.5oC 522 

for summer. Additionally, for the low operating voltage the temperature rise was observed to be 523 

20oC and 27oC for summer and winter respectively. The range of temperature rise obtained from 524 

the model were found to be in a good agreement with field tests conducted by Sabiron et. [55]  525 

 526 

Moreover, simulated stack model achieved a maximum temperature of 70oC under the low 527 

operating voltage during August and July, however at the optimal performance (medium operating 528 

voltage) a stack operating temperature of 58.5oC was indicated. 529 
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  530 
     531 

 532 

 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
 542 
 543 
 544 
 545 

Figure 12: Operating temperature of the stack at a) High operating voltage, b) Medium operating voltage, and c) Low operating 546 
voltage547 
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Figure 13 depicts the monthly power density of the stack. The range of the generated current 548 

density at the high operating voltage is between 438-588 A/m2 with a power density ranging from 549 

1575 to 2115 W/m2. At the medium operating voltage, where the highest efficiency of the stack 550 

can be achieved, generates a current density from 1660 A/m2 to 2241 A/m2 which corresponds to 551 

a power density range of 2821-3810 W/m2. Moreover, at the low operating voltage the stack 552 

generates a higher rate of current density, but with a lower power density from 1848-2503 W/m2. 553 

According to the results obtained the maximum achieved power from the stack can be achieved 554 

under maximum temperature ambient conditions during the month of August. Furthermore, the 555 

results clearly show that ambient conditions have a significant impact on the performance of the 556 

stack and hence affecting the efficiency and the vehicle load. 557 

 558 
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 559 

 560 
Fig. 13: Monthly power density data at a) high operating voltage b) medium operating voltage c) low operating voltage 561 
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3.3 Feasibility of anode humidification 562 

In the previous section we have analysed the performance of the stack under dry hydrogen inlet 563 

condition. Under extreme ambient temperatures, which is the case during the summer period in 564 

the chosen location, the membrane water content per sulfonic group falls, which as a result 565 

increases the protonic resistance across the cells, hence reducing the performance of stack. Thus 566 

humidifying the anode reactant before entering the stack may be needed. In this section we 567 

examine the effect of anode humidification on the stack and assess the effectiveness of 568 

incorporating a humidifier unit to the stack. Our study only considers the case of ambient 569 

conditions leading to the highest performance (Set 1 in August) for the feasibility analysis. Figure 570 

14 depicts the dry and humidified polarisation curves for the first case (August month at maximum 571 

temperature). 572 

 573 

 574 

 575 
 576 
 577 
 578 
 579 
 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 

Fig. 14: Polarisation curve for dry vs. humidified anode 589 
 590 
It can be clearly seen that the anode humidification plays an important role in improving the overall 591 

performance of the stack. Also, the affect becomes more pronounced as the voltage drops. The 592 

results show that at the high operating voltage the performance is improved by 15%, while in the 593 

medium operating voltage the performance is improved by just over 40%. The investigation further 594 

assesses the effectiveness of utilising a humidifier unit to the PEMFC stack by comparing the net 595 

produced power produced after humidification with the non-humidified’s stack power. For this 596 
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assessment, the parasitic load required for anode humidification is calculated using the following 597 

equation: 598 

 599 

𝑃ℎ𝑢𝑚 =
�̇�𝐻2𝑂∙ℎ𝑣

𝜂ℎ𝑢𝑚
           (18) 600 

 601 

𝑃𝑛𝑒𝑡 = 𝑃𝑐𝑒𝑙𝑙 − 𝑃ℎ𝑢𝑚         (19) 602 

  603 

𝑃𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙 ∙ 𝑖𝑎𝑣𝑒 ∙ 𝐴𝑐𝑙     (20) 604 

Where;  605 

�̇�𝐻2𝑂 - Water vapour mass flow rate in anode (convert H2 flow to mass flow rate, take out 0.20 as 606 

the mass fraction of water @ 100% saturated)  607 

ℎ𝑣𝑎𝑝  -  Enthalpy of vaporisation of water (2381.9 kJ/kg @ 50oC) 608 

𝜂ℎ𝑢𝑚 - Humidifier efficiency (80%) 609 

 610 

In this comparison, the study assumes an efficiency of 70% of the humidifier, fixed anode inlet 611 

stoichiometry of 1.7, and 100% saturation of anode inlet.  The following table 5 shows the 612 

computed values of the stack for the dry and humidified case and their respected generated net 613 

power.  614 

Table 5: Generated Power for dry and humidified anode 615 

Voltage  3.6 (V) 1.7 (V) 0.8 (V) 

W/m2 Pcell Pnet Pcell Pnet Pcell Pnet 

Set 2 Dry 2.367 2.368 4.280 4.280 3.98 3.976 

Set 2 Humid 2.808 2.445 6.00 5.633 2.81 2.447 
 616 

From the above discussion, it’s clear that anode humidification improves cell the performance. 617 

However, when taking into account the needed parasitic power of humidifier, the power generated 618 

by the stack reduces. It can be clearly seen from table 4, that the net generated power of stack is 619 

still better than the non-humidified case only at the high and medium voltage. At the lowest 620 

operating voltage, the energy consumption needed to evaporate liquid water to flow in the anode 621 

channel, is higher than the gained power of the stack after humidification, and hence is not feasible 622 

for this case. In general, the power generated by stack after the utilisation of a humidifier unit 623 
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proved to be effective and is hence recommended in this case. Nevertheless, it should be noted 624 

adding a humidifier unit will increase the complexity of the system and the associated capital costs. 625 

In this work we have simulated the contour plots of the stack to understand the how the temperature 626 

and water are distributed along the cells. Figure 15 shows the temperature distribution in the stack 627 

under the lowest temperature’s case (January month) operating at stack voltage of 0.8 volts. It is 628 

noted that the highest temperature profile is located in the middle of the stack (cell number 3), 629 

where the temperature reaches its peak to 42 oC. The reason for this phenomena is attributed to the 630 

chosen reactants flow mode, counter-current, where the first reactants meeting point is in the 631 

middle and hence more reaction is expected to take place in the middle region of the stack, and 632 

hence emitting more heat. Another reason is because the two ends of the stack has a fixed boundary 633 

conditions and the temperature is hence expected to increase as we go further to reach steady state.  634 

Additionally, Figure 16.a and b shows the water distribution in the stack at the both humidified 635 

and non-humidified case operating  under the same conditions (August month). As can clearly be 636 

seen, water distribution is more uniform when the stack is humidified, and hence current density 637 

discrepancy amongst the cells is reduced. 638 
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   639 

 640 

Fig. 15: Simulated temperature profile of stack 641 



33 
 

 642 
 643 
 644 

                       645 

 646 
 647 

    Fig. 16: Water distribution of stack under a) dry conditions b) humidified anode conditions 648 
 649 
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It’s worth noting, that when the stack is not humidified water molecules are found to be more 650 

concentrated in the middle cell in the stack. The reason for such behaviour is mainly due to the 651 

higher temperature of this cell, which results in a greater reaction kinetics and hence water is 652 

produced at a higher rate in this region.  Overall, the simulated contour graphs give an indication 653 

of the stack’s behaviour under the chosen conditions (flow mode, boundary conditions, water 654 

content in inlets etc.). This information is vital as it benefits researchers to decide which is the 655 

most optimised option for a chosen stack geometry operating under a specific geographical 656 

location.   657 

 658 

4.0 Conclusion  659 

 660 

This paper presented the results of a computational investigation of the effect of ambient 661 

conditions of Riyadh city on the performance of an air breathing 5-cell PEMFC stack. 662 

Effectiveness of anode humidification in terms of power production was also analysed to see the 663 

viability of incorporating a humidifier unit to the model. Besides, special attention was also given 664 

to the thermal and water management of the stack by illustrating contour graphs of the PEMFC.  665 

 666 

The results showed that the performance of the PEMFC vary notably with changes in weather 667 

ambient conditions. The stack was found to be preforming at a lower level during winter (by 668 

around 12%) as opposed to summer time. Also, hot and humid ambient condition was observed to 669 

improve the stack’s performance by maintaining the fast reaction kinetics while keeping the 670 

hydration level of the membrane at an adequate level. Furthermore, the net generated power when 671 

anode humidification is utilized was found to improve the performance by up to 24% when 672 

operating at a medium voltage during summer.   673 

 674 

However, the present study is limited to the steady state model and the monthly ambient weather 675 

data used. Future work should seek to develop a model that represents the effect of dynamic 676 

loading conditions, which is the case for realistic driving scenarios, as well as the effect of daily 677 

fluctuations on the performance of the PEMFC stack.            678 

 679 
 680 
 681 



35 
 

5.0 References 682 

[1] Emmanuel Ogungbemi, Tabbi Wilberforce, Oluwatosin Ijaodola, James Thompson, 683 

A.G.Olabi. Selection of proton exchange membrane fuel cell for transportation. International 684 

Journal of Hydrogen Energy. https://doi.org/10.1016/j.ijhydene.2020.06.147 685 

[2] Ahmad Baroutaji, Tabbi Wilberforce, Mohamad Ramadan Abdul Ghani Olabi. Comprehensive 686 

investigation on hydrogen and fuel cell technology in the aviation and aerospace sectors. 687 

Renewable and Sustainable Energy Reviews. Volume 106, May 2019, Pages 31-40. 688 

https://doi.org/10.1016/j.rser.2019.02.022. 689 

[3] Tabbi Wilberforce, O.Ijaodola, Emmanuel Ogungbemi, F.N.Khatib, Zaki El-Hassan, 690 

J.Thomposon, A.G.Olabi. Effect of humidification of reactive gases on the performance of a 691 

proton exchange membrane fuel cell. Science of The Total Environment. Volume 688, 20 October 692 

2019, Pages 1016-1035. https://doi.org/10.1016/j.scitotenv.2019.06.397. 693 

[4] O.S.Ijaodola, Zaki El- Hassan, E.Ogungbemi, F.N.Khatib, Tabbi Wilberforce, James 694 

Thompson, A.G.Olabi. Energy efficiency improvements by investigating the water flooding 695 

management on proton exchange membrane fuel cell (PEMFC). Energy. Volume 179, 15 July 696 

2019, Pages 246-267. 697 

[5] Tabbi Wilberforce, O.Ijaodola, Emmanuel Ogungbemi, F.N.Khatib, T.Leslie, Zaki El-Hassan, 698 

J.Thomposon, A.G.Olabib. Technical evaluation of proton exchange membrane (PEM) fuel cell 699 

performance – A review of the effects of bipolar plates coating. Renewable and Sustainable Energy 700 

Reviews. Volume 113, October 2019, 109286. https://doi.org/10.1016/j.rser.2019.109286. 701 

[6] Emmanuel Ogungbemi, Oluwatosin Ijaodola, F.N.Khatib, Tabbi Wilberforce, Zaki El Hassan, 702 

James Thompson, Mohamad Ramadan, A.G.Olabi. Fuel cell membranes – Pros and cons. Energy. 703 

Volume 172, 1 April 2019, Pages 155-172. https://doi.org/10.1016/j.energy.2019.01.034. 704 

[7] Tabbi Wilberforce, O.Ijaodola, Emmanuel Ogungbemi, F.N.Khatib, Zaki El-Hassan, 705 

J.Thomposon, A.G.Olabi. Numerical modelling and CFD simulation of a polymer electrolyte 706 

membrane (PEM) fuel cell flow channel using an open pore cellular foam material. Science of The 707 

Total Environment. Volume 678, 15 August 2019, Pages 728-740. 708 

https://doi.org/10.1016/j.scitotenv.2019.03.430. 709 

[8] F.N.Khatib, Tabbi Wilberforce, Oluwatosin Ijaodola, Emmanuel Ogungbemi, Zaki El-Hassan, 710 

A.Durrant, J.Thompson, A.G.Olabi. Material degradation of components in polymer electrolyte 711 

membrane (PEM) electrolytic cell and mitigation mechanisms: A review. Renewable and 712 

https://doi.org/10.1016/j.ijhydene.2020.06.147


36 
 

Sustainable Energy Reviews. Volume 111, September 2019, Pages 1-14. 713 

https://doi.org/10.1016/j.rser.2019.05.007 714 

[9] Tabbi Wilberforce, A. G. Olabi. Performance Prediction of Proton Exchange Membrane Fuel 715 

Cells (PEMFC) Using Adaptive Neuro Inference System (ANFIS). Sustainability 2020, 12, 4952; 716 

doi:10.3390/su12124952. 717 

[10] O.S. Ijaodola, Zaki El- Hassan, E.Ogungbemi, F.N.Khatib, Tabbi Wilberforce, James 718 

Thompson, Mohammad Ramadan, A.G.Olabi. Evaluating the Effect of Metal Bipolar Plate 719 

Coating on the Performance of Proton Exchange Membrane Fuel Cells. Energies 2018, 11, 3203; 720 

doi:10.3390/en11113203. 721 

[11] Khaled Elsaid, Mohammed Kamil, Enas Taha Sayed, Mohammad Ali Abdelkareem, Tabbi 722 

Wilberforce, A.Olabi. Environmental impact of desalination technologies: A review. Science of 723 

The Total Environment. https://doi.org/10.1016/j.scitotenv.2020.141528. 724 

[12] Abdul Ghani Olabi, Montaser Mahmoud, Bassel Soudan, Tabbi Wilberforce, Mohamad 725 

Ramadan. Geothermal based hybrid energy systems, toward eco-friendly energy approaches. 726 

Renewable Energy. Volume 147, Part 1, March 2020, Pages 2003-2012. 727 

https://doi.org/10.1016/j.renene.2019.09.140 728 

[13] Tabbi Wilberforce, Zaki El Hassan, A.Durrant, J.Thompson, Bassel Soudan, A.G.Olabi. 729 

Overview of ocean power technology. Energy. Volume 175, 15 May 2019, Pages 165-181. 730 

https://doi.org/10.1016/j.energy.2019.03.068. 731 

[14] Tabbi Wilberforce, A. G. Olabi. Design of Experiment (DOE) Analysis of 5-Cell Stack Fuel 732 

Cell Using Three Bipolar Plate Geometry Design. Sustainability 2020, 12, 4488; 733 

doi:10.3390/su12114488. 734 

[15] A.G.Olabi, David Maizak, Tabbi Wilberforce. Review of the regulations and techniques to 735 

eliminate toxic emissions from diesel engine cars. Science of The Total Environment. 736 

https://doi.org/10.1016/j.scitotenv.2020.141249. 737 

[16] Tabbi Wilberforce, Zaki El-Hassan, F.N.Khatib, Ahmed Al Makky, Ahmad Baroutaji, James 738 

G.Carton, Abdul G.Olabi. Developments of electric cars and fuel cell hydrogen electric cars. 739 

International Journal of Hydrogen Energy Volume 42, Issue 40, 5 October 2017, Pages 25695-740 

25734. https://doi.org/10.1016/j.ijhydene.2017.07.054. 741 

[17] Tabbi Wilberforce, Zaki El-Hassan, F.N.Khatib, Ahmed Al Makky, Ahmad Baroutaji, James 742 

G.Carton, Jim Mooney, Abdul G.Olabi. Development of Bi-polar plate design of PEM fuel cell 743 

https://doi.org/10.1016/j.energy.2019.03.068


37 
 

using CFD techniques. International Journal of Hydrogen Energy. Volume 42, Issue 40, 5 October 744 

2017, Pages 25663-25685. https://doi.org/10.1016/j.ijhydene.2017.08.093. 745 

[18] Tabbi Wilberforce, A.Alaswad, A.Palumbo, M.Dassisti, A.G.Olabi. Advances in stationary 746 

and portable fuel cell applications. International Journal of Hydrogen Energy. Volume 41, Issue 747 

37, 5 October 2016, Pages 16509-16522. https://doi.org/10.1016/j.ijhydene.2016.02.057. 748 

[19] US Energy information Administration. Last accessed 05/01 2018. 749 

[20] The guardian. (2009). Carbon emissions per person, by country. Available: 750 

https://www.theguardian.com/environment/datablog/2009/sep/02/carbon-emissions-per-person-751 

capita. Last accessed 15th Sep 2018. 752 

[21] World data. (2019). Energy consumption in Saudi Arabia. Available: 753 

https://www.worlddata.info/asia/saudi-arabia/energy-consumption.php. Last accessed 15th Sep 754 

2019. 755 

[22] The guardian. (2009). Carbon emissions per person, by country. Available: 756 

https://www.theguardian.com/environment/datablog/2009/sep/02/carbon-emissions-per-person-757 

capita. Last accessed 15th Sep 2018. 758 

[23] Arab News. (2014). Saudi Arabia: Transport sector accounts for 23% of energy usage. 759 

Available: http://www.arabnews.com/saudi-arabia/news/669046. Last accessed 15th January 760 

2020. 761 

[24] U.S Department of Energy (2014). Fuel Cell Technologies Market Report. US: U.S Department 762 

of Energy. 39. 763 

[25] FuelCellsWork. (2016). First Toyota Mirai delivered to Uno-X Hydrogen in Norway, with 764 

plans to harness the power of renewables for true zero-emission. Available: 765 

https://fuelcellsworks.com/news/first-toyota-mirai-delivered-to-uno-x-hydrogen-in-norway-with-766 

plans-to-harness-the-power-of-renewab. Last accessed 17th January 2020. 767 

[26] Graham Kozak. (2016). 2016 Honda Clarity hydrogen fuel cell sedan. Available: 768 

http://autoweek.com/article/green-cars/2016-honda-clarity-hydrogen-fuel-cell-sedan-first-769 

impressions. Last accessed 20th January 2020. 770 

 [27] Fast Company. (2015). The World’s First Hydrogen-Powered Tram Is Now Running In China. 771 

Available: https://www.fastcompany.com/3044383/the-worlds-first-hydrogen-powered-tram-is-772 

now-running-in-china. Last accessed  8th March, 2020. 773 



38 
 

[28] Railway Technology . (2016). German state thrusts hydrogen-powered hydrail into the spotlight. 774 

Available: http://www.railway-technology.com/features/featuregerman-state-thrusts-hydrogen-775 

powered-hydrail-into-the-spotlight-4928956/. Last accessed 11th June, 2020. 776 

[29] Aberdeen City Council. (2015). Hydrogen Bus Project. Available: 777 

http://www.aberdeencity.gov.uk/council_government/shaping_aberdeen/Shaping_Aberdeen_Hyrdo778 

gen_Bus.asp. Last accessed 15th July, 2020. 779 

[30] Aberdeen Invest. (2014). Hydrogen Bus Project. Available: 780 

http://aberdeeninvestlivevisit.co.uk/H2-Aberdeen/Hydrogen-Bus/Hydrogen-Bus-Project.aspx#. Last 781 

accessed 15th September 2019. 782 

[31] D.T. Santa Rosa, D.G. Pinto, V.S. Silva R.A. Silvab, C.M. Rangel. High performance PEMFC 783 

stack with open-cathode at ambient pressure and temperature conditions. International Journal of 784 

Hydrogen Energy 32 (2007) 4350 – 4357 785 

[32] WDI (2012) World Development Indicators. Washington, DC: World Bank. Available at: 786 

https://openknowledge.worldbank.org/handle/10986/6014 (accessed 10th May, 2020). 787 

[33] Al-Natheer O (2005) The potential contribution of renewable energy to electricity supply in 788 

Saudi Arabia. Energy Policy 33(12): 2298–2312. 789 

[34] Energy Research Institute (ERI) at King Abdulaziz City for Science & Technology (1996) 790 

LESSONS LEARNED FROM SOLAR ENERGY PROJECTS IN SAUDI ARABIA , Saudi 791 

Arabia: WREC. 792 

[35] Lowenstein MZ and Smith IC (1979) The Joint Saudi Arabian-United States Solar Energy 793 

Program. In: American Institute of Aeronautics and Astronautics, terrestrial energy systems 794 

conference, Orlando, FL: AlAA Terrestrial Energy Systems Conference, June 4–6, p.6. 795 

[36] Dargin J (2009) Saudi Arabia, UAE promote energy from sun and the wind. Oil & Gas Journal 796 

107(12): 18–22. 797 

[37] Woertz E (2008) Alternative Energy Trends and Implications for GCC Countries. Dubai: Gulf 798 

Research Center. 799 

[38] WNA (2017) Nuclear Power in Saudi Arabia, Available at: http://www.world-800 

nuclear.org/information- 801 

library/country-profiles/countries-o-s/saudi-arabia.aspx(Accessed: 9th Febraury 2020) 802 

[39] Vision 2030. (2016). Saudi Vision 2030 Plan. Available: http://vision2030.gov.sa/en. Last 803 

accessed 21st May 2020. 804 



39 
 

[40] Tom Kenning. 2018. ACWA Power wins 300MW Saudi solar project. [ONLINE] Available at: 805 

https://www.pv-tech.org/news/acwa-power-wins-saudi-300mw-solar-project. [Accessed: 1st April, 806 

2020]. 807 

[41] Kelvin Ross. 2018. Bids compete for Saudi 400 MW windfarm. [ONLINE] Available at: 808 

https://www.powerengineeringint.com/articles/2018/07/bids-compete-for-saudi-400-mw-809 

windfarm0.html. [Accessed: 1st April,  2020]. 810 

[42] CNBC. 2018. Saudi's $500 billion mega-city NEOM is attracting 'overwhelming' interest from 811 

investors. [ONLINE] Available at: https://www.cnbc.com/2018/05/10/saudis-500-billion-mega-city-812 

neom-is-attracting-overwhelming-interest-from-investors.html. [Accessed: 22nd July, 2020]. 813 

[43] NMAH (2018) Allis-Chalmers Fuel Cell Tractor, Available 814 

at: http://americanhistory.si.edu/collections/search/object/nmah_687671 (Accessed: 11th January 815 

2020). 816 

[44] NMAH (2018) PEM Fuel Cell Technology, Available 817 

at: http://americanhistory.si.edu/fuelcells/pem/pemmain.htm (Accessed: 12th Sep 2019). 818 

[45] Fuel Cell Today (2013) Fuel Cell Electric Vehicles: The Road Ahead, Available 819 

at: http://www.fuelcelltoday.com/media/1711108/fuel_cell_electric_vehicles_- 820 

[46] https://data.nasa.gov/Earth-Science/Surface-Meteorology-and-Solar-Energy/wn3p-qsan 821 

[47] A Syampurwadi, H Onggo, Indriyati and R Yudianti (2016) 'Performance of PEM fuel cells 822 

stack as affected by number of cell and gas flow-rate', International Conference on Recent Trends 823 

in Physics 2016 (ICRTP2, 60(1), pp. 012029 [Online]. Available 824 

at: http://iopscience.iop.org/article/10.1088/1755-1315/60/1/012029/pdf (Accessed: 11th June, 825 

2020] 826 

[48] Saurabh A. Vilekar, Ravindra Datta (2010) 'The effect of hydrogen crossover on open-circuit 827 

voltage in polymer electrolyte membrane fuel cells', Journal of Power Sources, 195(8), pp. 2241-828 

2247. 829 

[49] S. M. Rezaei Niya, R. Phillips, and M. Hoorfar (2014) Estimation of Leakage Current in 830 

Proton Exchange Membrane Fuel Cells, Available 831 

at: https://ecs.confex.com/ecs/225/webprogram/Paper32381.html (Accessed: 20th April 2019). 832 

[50] Iranzo, A., Muñoz, M., Rosa, F., & Pino, J. (2010). Numerical model for the performance 833 

prediction of a PEM fuel cell. model results and experimental validation. International Journal of 834 

Hydrogen Energy, 35(20), 11533-11550. doi:DOI: 10.1016/j.ijhydene.2010.04.129 835 

http://www.fuelcelltoday.com/media/1711108/fuel_cell_electric_vehicles_-


40 
 

[51] Sabiron AML, Barroso J, Roda V, Barranco J, Lozano A, Barreras F. Design and development 836 

of the cooling system of a 2kW nominal power open-cathode polymer electrolyte fuel cell stacks. 837 

Renewable Energy, International Journal of Hydrogen. 2012;37:7289-98.  838 


